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AN EXPERIMENTAL INVESTIGATION OP THE EFFECTS 



UPON LIFT OF A GAP BETWEEN WING AND BODY 
OP A SLENDER WING-BODY COMBINATION 
AT MACH NUMBER 1.9 

SUMMARY 

An experimental Investigation was conducted to determine 
the effects upon lift of 8 streamwlse gap between the wing and 
body of a slender wing-body coabinetlon at a Mach number of 1.9. 

The model was a cone-cylinder body combination with low aspect 
ratio delta wings. Two sets of wings were employed In an effort 
to establish the relative magnitude of gap effect for subsonic and 
supersonic leading edge wings. Data were obtained for body angles 
of attack up to ten degrees, with and without wing Incidence of 
five degrees. 

The experimental results were compared with the linear- 
ized, non-viscous, Incompressible theory of Ref. 1. The loss In 
lift due to gap effects was found to be substantially less than that 
predicted by theory over the entire range of gap parameters tested. 
It was believed, although not definitely established, that viscous 
effects were primarily responsible for the deviation from theory. 
Loss of lift Increased with Increasing gap, as predicted by theory. 



Theory also predicted that for a given gap width tne loss 
In lift would be greater If both wing and tody were at an angle of 
attach than when only the wing had Incidence. In the experiment, 
opposite results were observed. 

The percentage loss In lift was found to decrease with 
increasing angle of attack for the range of the angles studied, 
with or without wing Incidence. 

No evidence was found to Indicate that gap effects are 
more pronounced for subsonic leading edge wings than for wings with 
a supersonic leading edge. However, the two sets of wings tested 
were of different span, and slender body gap theory indicates that 
lift variation with gap is dependent upon the slenderness of the 
body relative to wing semispan. Since the portion of the loss in 
lift atlrlbutaole to each of these parameters could not be Identi- 
fied, no conclusions were drawn with regard to either. 

As predicted by theory, the effectiveness of a wing as a 
control surface kbb found to decrease with Increasing ratios of 
body rudlus to wing semlspan. 

For the wing-body exclusive of oody nose, control effect- 
iveness was found to decrease with Increasing gap, contrary to 
theory. In the theoretical development, the after body was also 
excluded. 

The control effectiveness parameter also decreased with 
increasing gap when the body nose was Included. Theory Indicated 
that control effectiveness might Increase or decrease, depending on 



whether the ratio of body radius to wlnE semispan was small or 
large. 
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UPON LIFT OF A GAP BETAKEN WING AND BODY 
OP A SLENDBR WING -BODY COMBINATION 
AT MACH NUMBER 1.9 



INTRODUCTION 



Modern high speed aircraft and guided missiles generally 
employ all movable lifting surfaces, which provide more effective 
control, and can be made thinner and stronger than conventional 
control surfaces. This configuration requires a finite streamwlse 
gap between the fuselage and the lifting surface for mechanical 
reasons. If the fuselage Is curved, there Is an additional geo- 
metric gap caused by surface deflection which is variable In the 
chordwlse direction. This additional gap Is illustrated In Fig. 1. 

Hon-viscous theory (Ref. 1) predicts large losses In lift, 
even for very small gaps, but anticipates that the losses would be 
reduced In practice by the effeots of viscosity and possibly 
compressibility. A shock wave will Increase the boundary layer 
thickness and thus decrease the effective gap, although there may 
be other compensating compressibility effects. Several other 
theoretical investigations of gap effect have been made, notably 
Ref. 2 and 3, but a relatively small amount of experimental data 
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Is presently available concerning streamwlse gaps at supersonic 
speeds. 

The purpose of the present Investigation was to determine 
the loss of lift due to streamwlse gaps for a cone-cylinder body 
combination with low aspect ratio delta wings at various angles of 
attack, with and without wing Incidence, at a nominal Mach number 
of 1.90. As a secondary objective, It was desired to determine the 
relative magnitude of the gap effect with both subsonic and super- 
sonic leading edge wings. Therefore, two sets of wings were tested 
at this Mach number. 

The Investigation was conducted In the University of 
Michigan 8 x 13 Inch supersonic wind tunnel In February 1955, with 
the assistance of Lieutenants R. C. Wood and B. J. Cartwright, U. S. 
Navy, who were concurrently conducting a turbulent boundary layer 
Investigation with the aame model. (Ref. 4). The work was performed 
as a part of the third year curriculum In Aeronautical Bnglneorlng 
of the U. S. Naval Postgraduate School, Monterey, California, and 
was financed by the Bureau of Aeronautics, Navy Department, Washing- 
ton, D. C. 

We wish to thank Dr. H. P. Llepman, director of the 
University of Michigan Supersonic Wind Tunnel, for his advice and 
assistance at all stages of the Investigation, and Dr. A. M. Kuethe, 
Felix Pawlowskl Professor of Aerodynamics at the University of 
Michigan, for his assistance with slender body theory and many valu- 
able suggestions In connection with the Interpretation of results. 
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EQUIPMENT AND PROCEDURE 

The model consisted of an aluminum cone-cylinder body 
comolnatlon with double wedge delta wings fabricated of tool steel. 
Two sets of wings with equal root chords were employed. Each set 
of wings had different sweepback angles so that both the subsonic 
and supersonic leading edge cases could be studied at the same Mach 
number. A sketch of the wings and body combination Is Included as 
Pig. 2. 

The model was mounted on a steel cantilever sting fitted 
with two sets of four Baldwin SR-4 strain gages, each connected as 
a Wheatstone bridge. Strains produced by bending of the cantilever 
atlng under the action of a normal force on the model appeared as 
moments on a Sanborn Twln-Vlso Recorder. The slope of the resulting 
bending moment diagram gave the shear, or normal force, on the 
model. Tire strain gages were bonded using techniques recommended 
by the Baldwin Locomotive Works. 

Prior to each test run the Sanborn Recorder was balanced 
to read zero moment at each strain gage station. A weight of three 
pounds was hung on the model at a point midway between the centers 
of the strain gage banks; amplification was adjusted as desired 
and the resulting moments were recorded on the Sanborn tapes. No 
further adjustment of amplifier gain was made, and thus call- 
oration moment served as a conversion factor for moments recorded 
during the run. Static tests had established that strain gage 
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behavior was linear over the entire range of normal forces en- 
countered. The cantilever sting and strain gage arrangement Is 
shown In Pig. 3. 

The University of Michigan Department of Aeronautical 
Engineering 8 x 13 Inch supersonic wind tunnel waB used with nozzle 
blocks for a nominal Mach number of 1.90. A complete description 
of this facility Is contained In Ref. 5. The actual Mach number of 
each test run was calculated from the ratio of static pressure In 
the test section to total pressure of the source. Dry air with an 
average dew point of -48° P was used In the tests. 

The wings were adjusted with reference to the body using 
twist drills as gages for gap settings. A height gage was used to 
set incidence angles. 

Angle of attack was changed during each run by an electri- 
cally driven support system. The operator attempted to obtain body 
angles of attack of 0°, 5°, and 10°, and marked the actual angles 
achieved on a calibrated dial. Generally, It was possible to control 
the system so as to stop within one quarter of a degree of the desir- 
ed angle of attack. The data were later adjusted to the reference 
angles of 0°, 5°, and 10° by a plot of lift versus angle of attack. 

As the average duration of each run was sixteen seconds, It was 
possible to remain at each reference angle for about four seconds. 

The effects of system backlash were avoided by approaching each 
desired angle of attack from the same direction. Each run was 
started and stopped with the wings parallel to the flow as a pre- 
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caution against shearing the wing pins by transient air loads. 

A tripper ring, loceted 1.67 Inches from the body nose 
was onployed to Insure a turbulent boundary layer over the model 
for all runs. 

The maximum value of gap parameter tested was limited by 
wing- tunnel wall Interference considerations. Because of the 
presence of the sting along the longitudinal body axis, a maximum 
wing pin length of .277 Inches could be accommodated, of which .200 
Inches constituted a minimum for adequate bearing surface. Since 
It was desired to Investigate gaps as large bb .470 lncnes, It was 
necessary to make these runs first and then grind down the pins to 
the proper length for each successively smaller gap. This situation 
precluded repeat runs at will, and accordingly an approximate re- 
duction of data was carried out after each run and an Immediate 
declolon reached concerning the advisability of a repeat run. 

At zero gap, vacuum wax wao applied to Insure complete 
sealing of the wlng-oody Juncture. 

A photograph of the model Is Included as Fig. 4, which 
shows It as arranged for the boundary layer Investigation of Ref. 4. 
A total head probe Is mounted In the boundary layer, and the model 
Is rotated 90 degrees from the teat position. 

Standard Sanborn Recorder tapes of five centimeter width 
were used. Data readings were estimated to one quarter of a milli- 
meter. No equivalent In pounds can be quoted, as this was a funct- 
ion of amplifier gain and attenuation sotting, honce variable. The 



e 



most sensitive attenuation (xl) w as used to record the output of 
the forward strain gage set 8t all angles of attacx. However, u».e 
magnitude of the output of the rear strain gages was such tnat a 
less sensitive attenuation setting (x4) was required wnen tiie 
angle of attack of the body was 5° or greater. The attenuation was 
therefore shifted at the appropriate point in the run. Amplifier 
gain was adjusted as necessary between runs. 

Three possiole sources of error were present in reading 
the tapes. The first resulted from the estimation of data to 1/4 
millimeter, allowing the recorded value to differ as much as 1/8 
millimeter Trom the actual value of the trace. The seconc, source 
of error was similar but greater In magnitude. Estimation of the 
calibration moment to 1/4 millimeter introduced a possible error in 
the conversion constant. Tne third possible source of error was 
present in a small minority of the runs, and occurred as a result 
of a alight shift in the zero reference line during the run. Tnls 
effect was traceable to saturation at some stage of the run as a 
result of a belated change of attenuation. The technique adopted 
in reading the tapes was to use the original zero reference for data 
recorded prior to saturation and the final zero reference for data 
recorded after saturation. The maximum possible errors could occur 
at the highest angle of attacx. Under the most adverse conditions, 
with all t)iree possible errors at maximum values in the same direct- 
ion, the total error, expressed in coefficient form (C^.) , could ee 
as great as +0.0147. For the vast majority of the runs, in wi.lch 



7 



zero snlft error did not occur, the maximum error would be approx- 
imately +0.0100. 

It should be stressed that these are maximum errors. If 
the reading error and error of the constant are In opposite direct- 
ions, they tend to neutralize each other. Similarly, If the reading 
errors from the two sets of strain gages are In opposite directions, 
they tend to cancel out. One set Is subject to tension and the 
other to compression, and the normal force Is determined from the 
slope of the moment diagram. An approximate analysis of the errors 
and the manner In which they combine Indicates that the average 
reading error probably does not exceed Cy = +0.0059 for the 10° 
angle of attack case and • +0.0044 for the data at 5° angle of 
attack. The average error Introduced by angle of attack estimation 
has an approximate coefficient value of +0.0040. 
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RESULTS AND DISCUSSION 

The normal force date obtained are taoulated In Tables 
I and II. Aa previously Indicated, some modifications of the raw 
data were necessary to reduce it to the selected reference angles 
of 0°, 5°, and 10°. The data were further reduced to coefficient 
form to remove the Influence of wing area and Mach number. The 
normal force coefficients are plotted against gap parameter In 
Fig. 5. As anticipated, total normal force decreases with In- 
creasing gap as a result of Increasing tendency toward pressure 
equalization through the gap. 

The terms "normal force" and "lift" have been used Inter- 
changeably throughout this report. The quantity actually measured 
was normal force, which Is very nearly equal to the lift for the 
small angles of attack under consideration. 

Theory Indicates that beyond certain large values of gap 
parameter there Is essentially no further decrease In the lift. 

This phenomenon was not encountered In the experiment, as the 
maximum gap parameter tested was .185. However, It Is difficult 
to visualize the employment of gap parameters greater than .02 In 
practice. 

Figs. 6 and 7 give a somewhat more useful presentation 
of variation In lift with gap width, as the ratio of lift to lift 
with zero gap Is plotted versus gap parameter, the lift of the cone 
first having been subtracted. Stone theory (Ref. 6) was used to 
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compute the lift of the cone at angles of attack of 6° and 10°, 
and It was then simply subtracted, lift of the cone being Invariant 
with gap according to theory. 

For ease of comparison with non-viBcous theory, portions 
of Figs. 3 and 4 of Ref. 1 by Dugan and Hikldo have been reproduced 
In Pig. 7 of this report. It Is apparent that the loss of lift due 
to streamwlse gap effects Is substantially less than the loss pre- 
dicted by linearized non-vlscous theory. In fact, for practical 
gap sizes (parameter .02 or less) the loss In lift Is less than ten 
percent for nearly all angles of attack and Incidence studied. The 
suggested reasons for departure from theory are viscous effects, 
compressibility, wing-body Interference, and the approximations 
Introduced In linearized theory. 

The theory of Ref. 1 treats the Incompressible, lnvlecld, 
linearized case. Each of the approximations contributes to the 
deviation between theory and experiment, but the extent of each 
contribution cannot be ascertained from the results reported here. 
Schlleren photographs taken during the experiment and Included In 
Ref. 4 Indicate that the portion of the gap behind the wing pin Is 
highly turbulent. It Is believed that the main deviation from 
theory Is attributable to viscous effects, both through the presence 
of the boundary layer and the wake behind the wing pin. However, 

In any actual missile or aircraft some such supporting arrangement 
must be present and presumably the effects will be similar. 

Dugan and Hikldo have Indicated that for a given gap 
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width the loss In lift Is more severe when both wing and body are 
at an angle of attack than when the wing alone has Incidence. A 
comparison of the curves for«.=5, 8 =0 and«-sO, 8 s5 In Figs. 6 and 
7 does not support this conclusion. For both sets of wings tested 
the losses were slightly greater with incidence alone. The presence 
of additional geometric gap Is not sufficient to produce the 
difference. For the small angle of incidence used (5°) the 
additional gap In terms of gap parameter Is .003 In the most 
sensitive situation, (l.e. smallest gap tested) and can be con- 
sidered negligible. For large angles of Incidence, however, geo- 
metric gap becomes extremely Important. 

Since only one value of Incidence was tested,oo-5 , 8 *0 
versusoc : 0, 8 s5 represents the only direct comparison of this type. 
However, a comparison of the cases of wing and body at 10° angle of 
attacK versus body at 5° angle of attack and wing at 5° Incidence 
logically should be quite similar. The same trend was observed, 

In that looses were slightly greater where wing Incidence was 
Involved. 

It was also observed that the percentage loss In lift 
for a given gap Is less severe at the higher angles of attack. 

This was found to be the case for sll configurations tested. A 
plot of percent loss in lift versus angle of attack for the various 
gap settings Is Included as Pig. 8. It may be noted that this 
decrease In lift loss Is opposite to that which would be expeeted 
If one considers only the fact that the boundary layer on the body 
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should become thinner as ancle of attach Increases. 

The results of the study of the effect of suosonic ind 
supersonic leading edge were inconclusive. Slevlss and Stru^le 
(Ref. 2) predicted that for a half delta wing adjacent to an 
infinite wall gap effects would be more pronounced If the leading 
edge were subsonic. As a minimum requirement to Investigate tnls 
effect properly, a given wing planform should be tested at two 
different Mach numbers. Time limitations precluded a change of 
nozzle blocks, and It was also realized that the correlation 
between the cone-cylinder body and infinite wall would not be 
particularly good. Consequently, it was decided to test two sets 
of wings at the same Mach number. Ref. 1 Indicates that lift 
variation with gap Is also dependent on the slenderness of the body 
relative to wing semispan f_££.V For a given gap, and the same 

V~W 

body, losses are greater when wings of smaller span are used. 

There can be no doubt that Dugan and Hlkido were considering 
similar wings. In the present experiment the subsonic leading edge 
wings also had the lesser span. Roth effects shoula theoretically 
increase the loss in lift for a given gap, yet tnere was no pro- 
nounced difference between the curves ootalnea for the small and 
large wings. Lift loss for the subsonic leading edge wings was 
slightly greater than for tne supersonic wings at tne low angles 
of attack, but the difference decreased with increasing angle of 
attack, until at the maximum angle Investigated, tne difference was 
negligible. Since it was impossible to separate the effects, no 



12 



conclusions could ue drawn with regard to the Importance of eitnor 
the slenderness parameter or leading eage parameter. It Is esti- 
mated that the difference In lift ratios to oe expected as a result 
of the difference In span Is of the order of one percent. Hence 
any trends In this connection could easily ^e ooscured by experi- 
mental error. 

Dugan and HlKldo have also plotted the variation of a 
control effectiveness parameter with gap. The parameter Is defined 



Indication of the effectiveness of a control surface In producing 
lift. The results obtained In the present experi .ent are Included 
as Pig. 3. Again, the applicable portions of the tneoretlcal curves 
have been reproduced for comparison. For the wing-body exclusive 
of body nose, agreement with theory is achieved In that for larger 
ratios of body radius to wing semispan control effectiveness Is 
decreased. However, control effectiveness Is found to decrease 
with Increasing gap, contrary to theory. For the wing-body with 
body nose, control effectiveness Is again dimlnisned for increas- 
ing ratios of body radius to wing semlspan, and also decreases with 
Increasing gap. A consideration of the curves Indicates tnat If 
the ratio of body radius to wing semlspan Is further decreased, it 
Is possible that a situation will be reached In which control 



by 
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C, r constant 



and Is an 



effectiveness will Increase with increasing gap. 
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CONCLUSIONS AND RECOMMENDATIONS 

For the rango of gap parameters tested, lift of the wing- 
body combination decreases with Increasing gap, but lift losses are 
considerably less severe than those predicted by Incompressible, 
lnviscld, linearized theory. 

Por a given gap width, the loss In lift Is greater when 
the wing alone has Incidence than when both wing and body are at an 
angle of attack. 

The percentage loss In lift decreases with increasing 
angle of attack for a fixed gap width. 

The effectiveness of a wing as a control surface Is de- 
creased for Increasing ratios of body radius to wing semispan. 

Control effectiveness decreases with Increasing gap for 
the wing-body combinations studied, but It 1 b conceivable that con- 
trol effectiveness could Increase with Increasing gap for small 
ratios of body radius to wing semlapan. 

Extensive additional experimental Investigation Is 
required, particularly In the region of practical gap sizes (gap 
parameter less than .02). A somewhat wider range of angles of 
attack and wing Incidence should also be studied. To establish 
the Importance of slenderness ratio, either several sets of similar 
wings could be tested with one body at the same Mach number or 
several geometrically similar bodies could be tested with one set 

y 

of wings. Each of these combinations could be tested at two Mach 
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numbers In an effort to determine the effect of the subsonic or 
supersonic leading edge. 

It la anticipated that the Instrumentation problem will 
be severe In the region of very small gaps. The difference In the 
lift measured at consecutive gaps during the reported experiment 
was small, In spite of the relatively coarse gap parameter Interval. 
In order to determine accurately the behavior of the lift ratio 
curve In the vicinity of the boundary layer, very fine gradations 
In gap parameter will be necessary, Involving extremely small 
differences In lift. 
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It was not Intended to Imply that removal of the >udy rose 
would make the results of the Investigation Independent of nose 
shape. The boundary layer thickness and pressure distribution lri 
the region of the wing are dependent on the body nose 3hape and the 
length of the body forward of the wing. However, since a correction 
for displacement thickness has a negligible effect In -ringing the 
curves closer to theoretical, a change In nose snape, insofar as 
boundary layer thickness Is concerned, Is not expected to material- 
ly alter the results. Small changes in the pressure distribution 
caused by changes In the nose configuration should likewise have 



small effect. 
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Fig. 3 Sting and Strain Gage Arrangement 
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Figure 6. Variation of normal force coefficient with gap 
for a wing body combination, body noBe Included. 
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Figure 6. Variation of lift with gap 



for a wing body combination, body nose removed 
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Figure 7. Variation of lift with gap 



for a wing body combination, body nose removed 
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Figure 8. Variation of percent reduction of lift with 



angle of attack for various gap parameters. 
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Figure 9. Variation of effectiveness parameter with gap 
for an all movable wing with various wing-body parameters, r o/s* 
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